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The scaling of the magnetic field dependence of the remanent magnetization for different tem- 
peratures and different spin-glass samples is studied. Particular attention is paid to the effect of 
the de Almeida-Thouless (AT) critical line on spin-glass dynamics. It is shown that results of the 
mean-field theory of aging phenomena, with two additional experimentally justified assumptions, 
predict H / Hat{T) scaling for remanent magnetization curves. Experiments on a single crystal 
Cu:Mn 1.5 at % sample in the temperature interval from 0.7Tg to O.SSTg give results consistent 
with this scaling. Magnetization vs. field curves for difi'erent Cu:Mn and thiospinel samples also 
scale together. These experimental results support the predictions of the mean-field theory of aging 
phenomena. 
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I. INTRODUCTION 

Effect of a magnetic field on the spin-glass state is 
one of the most important open problems in spin-glass 
physics. Two major theoretical descriptions of spin-glass 
phenomena have evolved over the past twenty years. One 
of them is the mean-field theory for the static and dynam- 
ical properties of spin glasses, based on the Parisi *ephca- 
symmetry-breaking formalism and related ideas «a The 
alternative approach is the droplejL|jnodel, based on 
the Migdal-Kadanoff approximation.Ba The two pictures 
provide very different physical interpretations of observ- 
able spin-glass phenomena. This difference is particu- 
larly pronounced when spin-glass properties in a mag- 
netic field are considered. The mean-field theory predicts 
a spin-glass state with replica-symmetry breaking at fi- 
nite roagnetic fields below a critical line in the (T, H) 
plancB The droplet model states that a true phase tran- 
sition occurs at zero magnetic field only. Compelling ex- 
perimental support for either model has not yet been 
presented. A detailed analysis of magnetic field effects 
on real spin glasses can provide information about the 
comparative validity of the theoretical predictions. 

Recent experimental results favor the mean-field pic- 
ture. Torque measurements have shown that Heisen- 
berg spin glasses with random anisotropy are charac- 
terized by a.true spin-glass ordered phase at high mag- 
netic fields.El Experimental studies of violations of the 
fluctuation-dissipation theorem under an increasing field, 
change also support predictions of the mean-field theory.Q 

The remanent magnetization, measured after a change 
in magnetic field, contains all essential information about 
spin-glass dynamics. The general features of its field, de- 
pendence have been studied for various spin glasses.El All 
experimental results to date, however, have been treated 
phenomenologically. A comprehensive theoretical picture 
which can explain these results, and predict the field de- 
pendence of measurable quantities over a wide range of 
field variations, rema«i*4Aeking. The mean-field theory 
of aging phenomena,BBI130 developed in recent years. 



now appears able to provide such a description within 
the linear response regime. The theory relates the macro- 
scopic relaxation properties of the spin-glass state to mi- 
croscopic correlations. Many conclusions, derived from 
this theoretical picture, can be tested experimentally, fn 
the present paper, we study the scaling of magnetization 
curves with magnetic field for several spin-glass samples. 
We show that, under some additional experimentally jus- 
tified assumptions, our experimental results support pre- 
dictions of this theory. 

This paper is organized as follows. In the next Sec- 
tion, the theoretical picture underlying our analysis is 
outlined. Sec. III. A presents experimental results on the 
field scaling for different temperatures, fn Sec. III.B, 
experimental data for different samples are compared. 
Section IV summarizes our conclusions. 



II. THEORETICAL BACKGROUND AND 
SCALING PREDICTIONS 

The equilibrium susceptibility of an Ising spin glass, 
identified with the equilibrium value of the experimen- 
tal field-copied susceptibility, is given by the following 
expression:t3 



XFC = [1 - / q{x)dx]/T 



(1) 



This susceptibility includes contributions from different 
pure equilibrium states with the nontrivial distribution 
of overlaps q{x). The value q(l) = qsA is the equilibrium 
Edwards-Anderson order parameter, and q(0) = qmin is 
the minimum possible overlap, nonzero in the presence 
of a magnetic -field. The spin-glass state is chaotic in 
magnetic field, lHI meaning that the average equilibrium 
overlap of two states at slightly different values of mag- 
netic field is equal to qmin- 

The linear response susceptibility, identified with the 
experimental zero-field-cooled susceptibility at short ob- 
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servation times r = t — tw, is given by the flujCtuation- 
dissipation theorem (FDT) in its integral form:Ell 

Xit,t^) = [l~C{t,t^)]/T . (2) 

Here, C(i, t^) is the autocorrelation function for a system 
of N Ising spins, defined as follows: 

N 

C{t,t^) = {l/N)Y,{S^{t)S,{t^)) . (3) 

i=l 

The linear response susceptibility is associated with tran- 
sitions within a single pure state. The difference be- 
tween the values of the field-cooled and zero-field-cooled 
susceptibilities is a manifestation of replica-symmetry 
breaking.lij 

Spin-glass dynamics is limited to a single ergodic com- 
ponent, because the energy barriers, separating the pure 
equilibrium states, are divergent in the thermodynamic 
limit. The long-time dynamics within one pure state can 
be viewed as a series of transitions from a trap to a deeper 
trap.H The barriers surrounding these traps are high, but 
finite, and "traps encountered at long times tend to in- 
creasingly resemble the actual states contributing to the 
equilibrium" Jl3 This interpretation leads to a description 
of asymptotic spin-glass dynamics, algebraically similar 
to the static replica-symmetry-breaking formalism. 

Dynamical definitions of qea r¥p4 Qmin sue given in 
terms of the correlation functionnO 

qea ^ lim lim C(t„,+T, i^,) ; (4) 

T — >00 — 'OO 

Qmin^ lim C(tt„ + T,t„) . (5) 

r — >oo 

Eq. (5) means that, after a small field change following 
a finite waiting time t^, the system evolves towards an 
equilibrium state that has the minimum possible corre- 
lation with thej-Lnitial state state at t — t^ — 

ExperimentsEj and computer simulationalj suggest the 
following picture of spin-glass relaxation. At short obser- 
vation times, T <^tw, the relaxation is fast (on the linear 
time scale) and equilibrium in nature. The correlation 
function, Eq. (3), drops from 1 to qsA- The fluctuation- 
dissipation theorem holds, and the susceptibility is given 
by Eq. (2). At longer observation times, r > t^, the 
relaxation is very slow and i^-dependent. The correla- 
tion decreases from qea to Qmin- The FDT is violated, 
and the zero-field-cooled susceptibility relaxes towards 
the equilibrium value, presumably given by Eq. (1). 

It is proposed in the mean-field theory of aging 
phenomenaa that, for large tyj, the susceptibility depends 
on its time arguments only through the correlation func- 
tion, i.e. X = x[C(t, itu)], even when the fluctuation- 
dissipation theorem is paolated. The susceptibility x{C^) 
is a piecewise function.EjIiil It is linear in the equilibrium 
regime: 

x(c) = [i-q/r, qEA<c<i . (6) 




qmin(H) qEA(T) C 

FIG. 1: A diagram of the spin-glass relaxation at temper- 
ature T after magnetic field H is applied. The thick line 
is the master curve xiC). The straight line segment from 
((?d,0) to (qEA,XzFc) represents the equilibrium relaxation 
regime. The slope is — l/T. The master curve segment from 
{(lEA,XzFc) to {qmin,XFc) Corresponds to the aging regime. 

In the aging regime, the relaxing part of the susceptibil- 
ity, Xag{G), is nonlinear: 

X(C) = [l-qEA]/T+Xag{C) , qrmn < C < qEA ■ (7) 

The well-known Parisi- Toulouse approximationEl 
makes use of the following assumptions: the equilibrium 
susceptibility, Eq. (1), is independent of temperature, 
while qEA and qmin are functions of only temperature 
and magnetic field, respectively, i— iTtc dynamical ver- 
sion of this approximation implieal3'E2J that the function 
Xag{C) in Eq. (7) is both T- and i/-independent. This 
means that the dependence x(C') is universal in the ag- 
ing regime, and follows a master curve xi^^)- If value 
of the susceptibility at the limit of validity of the FDT, 
i.e. at C = qEA, is denoted as xzfc, one can write the 
following: 

Xfc = Xfc{H) ; XzFC^XzFc{T) ■ (8) 

Fig. I, taken directly from Cugliandolo et aZ.,0 displays 
the master curve x(C). Each point on this curve corre- 
sponds to a transition from the equilibrium to the aging 
regime at some temperature < T < Tg. The quantity 
qd is the initial correlation C(fm,iu,), which depends on 
the number of spin components. It appears instead of 
unity in Eqs. (6) and (7) if the spins are not Ising. 

The contribution of this paper is the experimental 
study of the magnetic field dependence of the remanent 
susceptibility xfc{H) — xzfc{T). According to Fig. I, 
it is related to the difference qEA{T) — qmm{H). In order 
to derive a magnetic field scaling relationship, we must 
introduce two additional assumptions. First, we consider 
relatively high temperatures and assume that the master 
curve x(C') at low C can be approximated by a straight 
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line. Then the triangles in Fig. 1 are geometrically sim- 
ilar for all allowed T and H , and the following relation 
holds: 



XFc(H) - XZFcjT) _ qEAjT) - q,nin{H) 



XFc(O) - XZFC{T) 



qEA{T) 



(9) 



Second, let us suppose that qrn.in{H) is a homogeneous 
function of order that is qmin{aH) — a^qminiH) with 
some p ^ Q. Then, introducing the critical AT field, one 
can write: 



r{H) 



qEA{T) Qmin [Hat{T)] 



[H/Hat{T)] 

Qmin (l) 



(10) 



Here we used the conditior£3 that the de Almeida- 
Thouless critical line is defined by qmin = qsA- It follows 
from Eqs. (9) and (10) that the remanent susceptibility, 
Xfc[H) ~ xzFciT), should scale as H/Hat- This is a 
consequence of the proposed universality of x(C')- The 
present paper is devoted to the experimental study of this 
field scaling. We shall also use our experimental data to 
justify the two assumptions which lead to Eqs. (9) and 
(10). 



III. EXPERIMENTAL RESULTS AND 
ANALYSIS 

Before presenting our experimental results, we would 
like to make some preliminary remarks. 

Predictions of the mean-field theory of aging phenom- 
ena, mentioned in the previous section, are expected to 
hold only in the linear response regime. This means that 
a change in magnetic field, acting as a probe of the spin- 
glass state, must be much smaller than the AT field at 
a given measurement temperature. A larger field change 
would lead to a deviation from linear response. The mea- 
sured zero-field-cooled susceptibility would then become 
field-dependent, and the arguments, based on Fig. 1, 
could not be used. 

Eqs.(8)-(10) can be applied to experimental data only 
if the zero-field-cooled susceptibility is measured at the 
end of the fluctuation-dissipation regime. For relatively 
short waiting times, the transition from one regime to the. 
other is not well defined. Computer simulations showtJ 
that violation of the FDT becomes visible at observation 
times T at least one order of magnitude shorter than the 
waiting time t^^ the violation becoming strong at r w t^^,. 
All of our experiments have been performed on a com- 
mercial Quantum Design SQUID magnetometer. The 
shortest possible observation time is about 40 s. The typ- 
ical effective cooling time is 600 s because of the rather 
low cooling rate near the measurement temperature. By 
the time the first experimental point is taken, the fast ini- 
tial decay is essentially over. Thus, the short-time mea- 
surements yield results, which are approximately at the 
end of the fluctuation-dissipation regime, even at zero 
waiting time. 
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FIG. 2: The field-cooled magnetization of the single crystal 
Cu:Mn 1.5 at % for different temperatures Tr = T/Tg. The 
inset displays the irreversibility (1 - ZFC/MFC) * 100% as 
a function of temperature for H = 200 Oe. 



In our analysis, we use experimental values of magne- 
tizations instead of susceptibilities. This is because nu- 
merical differentiation requires fitting, and any fitting in- 
volves interpretation. Of course, all arguments regarding 
the field scaling apply to magnetizations as well. For ex- 
ample, Eqs. (9) and (10) suggest that the slope of the re- 
manent magnetization, AIFC — ZFC, at field H, divided 
by its slope a,t H — 0, will be a function of H/Hat{T). 
The rest of this Section presents our experimental results, 
which will support this prediction. 



A. Field scaling for different temperatures 

In order to test validity of Eqs. (9) and (10), we 
measured the field-cooled (AIFC) and zero-field-cooled 
(ZFC) magnetizations as functions of the field H = AH 
for four different temperatures. All results reported in 
this subsection were obtained for a single crystal Cu:Mn 
1.5 at %. It is a long-range Heisenberg spin glass with 
a glass temperature Tg of approximately 15.2 K. The 
experimental phase diagram for this sample will be pre- 
sented elsewhere. The measurements of the ZFC magne- 
tization were made at the shortest observation time, with 
zero waiting time between the cooling and application of 
the field. 

Fig. 2 exhibits the field dependence of the field-cooled 
magnetization. The data are presented as taken, without 
any rescaling of the field or adjustment of the magneti- 
zation magnitude. Error bars are considerably smaller 
than the symbol sizes and are not shown in the figure. 
The same applies to the other figures in this paper that 
do not exhibit error bars. It is evident that MFC{H) 
is virtually independent of temperature. Therefore, the 
Parisi- Toulouse approximation works rather well in the 
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FIG. 3: The remanent magnetization of the single crystal 
Cu:Mn 1.5 at % as a function of field for the same tempera- 
tures as in Fig. 2. 
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FIG. 4: From top to bottom; Hat{T), the experimental AT 
critical line; Hm{T), the position of the peak in TRM{H); 
Hm{T), the position of the peak in {MFC - ZFC)(H). 



case of this sample. This, appears to be a common feature 
of Cu:Mn spin glasses.Ell 

The spin-glass phase is characterized by the difference 
between the field-cooled and zero-field-cooled magneti- 
zations. The inset of Fig. 2 displays temperature de- 
pendence of the MFC — ZFC irreversibility at fixed 
magnetic field. Weak irreversibility in the Cu:Mn 1.5 
at % single crystal appears slightly above the glass tem- 
perature of 15.2 K. The irreversibility becomes strong 
as temperature is lowered, evolving to a region where 
it increases linearly with a large slope. The strong 
MFC — ZFC irreversibility is interpreted as a sign of 
the spin-glass phase transition. The T-intercept of the 
linear fit in this region is taken as the crossover temper- 
ature Tc{H). These crossover temperatures, determined 
for different magnetic fields H , define the AT line. 

Fig. 3 displays field dependences of the MFC — ZFC 
irreversibility for different temperatures. The four curves 
are similar in shape, but the field scale for each depends 
on the measurement temperature. The peak in MFC — 
ZFC corresponds to a strong violation of linear response. 
It turns out that the position of this peak depends on the 
value of the AT field. 

The experimental AT line for the Cu:Mn 1.5 at % sin- 
gle crystal sample is exhibited in Fig. 4. One can see that 
this line has the functional form Tg — Tc{H) oc H^^^, typ- 
ical of |tie AT linetl in the Sherrington-Kirkpatrick (SK) 
model.llZl Fig. 4 also shows temperature dependence of 
the position of the peak in TRM{H), which we denote 
as Hm{T), and of the peak in {MFC - ZFC){H), which 
we refer to as H„i{T). The thermoremanent magneti- 
zation, TRM, is not equal to MFC - ZFC if Hnear 
response is violated, and Hm < Hm for any temper- 
ature. However, both Hm{T) and Hm{T) are propor- 
tional to the critical field Hat{T), according to Fig. 4. 
The peak in {MFC - ZFC) {H) is easier to identify than 
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FIG. 5: Scaling of the remanent magnetization curves for 
different temperatures. The positions of the peaks, Hm{T), 
are used as scaling parameters. 



the AT line itself. In this subsection, we shall use its posi- 
tion, Hm{T), as the field scaling parameter, and consider 
H/Hfn scaling instead of H/Hat scaling. 

Fig. 5 exhibits the MFC— ZFC irreversibility, normal- 
ized by its value at Hm, and plotted versus h = H/Hm- 
One can see that the curves for different temperatures 
fall on top of one another for h < I. This is the interval 
of field variations where linear response holds, at least 
approximately. Therefore, the field scaling, predicted by 
Eqs. (9) and (10), is indeed observed in spin-glass exper- 
iments. For h > 1, however, the scaling is rather poor. 
There is strong nonlinearity in the spin-glass response in 
this regime, and the mean-field theory of aging phenom- 
ena will not be applicable. 
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FIG. 6: The master curve x(C) for the single crystal Cu:Mn 
1.5 %, estimated from the experimental xzfc{T) dependence. 
The master curve for the SK model is x = (1 ~ C)^^^. 



geneous function of order p = 2/3, and the assumption 
underlying Eq. (10) is also verified. 

These arguments, of course, should be taken with cau- 
tion. A reliable experimental determination of the master 
curve x(C) would require independent measurements of 
both the susceptibility and the correlation. Fig. 6 only 
gives an idea of how the real curve may look. In particu- 
lar, the experimental master curve in Fig. 6 does not ex- 
hibit a significant downturn at high values of C/qd- The 
difference between this curve and. the theoretical curve 
X — (1 — C)^/^ for the SK modelEHl is very pronounced in 
that region. This problem, however, is beyond the scope 
of the present paper. It is also evident that we cannot 
expect the above two assumptions to hold beyond the 
leading order of magnitude even at high enough temper- 
atures and low values of C. It would be correct to say, 
therefore, that the AT field defines a characteristic field 
scale at any temperature, but the scaling itself is always 
approximate. 



Of course, nonlinearity by itself does not necessitate 
lack of scaling. There are at least two probable reasons 
for the observed differences in high-field behavior at dif- 
ferent temperatures. First, freezing of the transverse spin 
componentsE£l in Heisenberg spin glasses produces the 
weak irreversibility in the longitudinal direction. Second, 
the distribution of glass temperatures, always present in 
real samples, has a stronger effect at higher measurement 
temperatures and higher fields. The inset of Fig 2 shows 
that there is a significant remanence at the crossover tem- 
perature. It corresponds to the remanence near the AT 
line at h « 3.5 in Fig. 5. Obviously, we cannot expect 
the H/ Hat scaling to hold precisely in this region. 

The scaling of the MFC — ZFC curves in Fig. 5 
suggests, a posteriori, that the assumptions leading to 
Eqs. (9) and (10) are in fact reasonable. In order to clar- 
ify this conclusion, we determined the master cupwe x(C) 
according to the method of Cugliandolo et alt^ If the 
zero-field cooled susceptibility is measured at the limit 
of validity of the FDT, the corresponding correlation can 
be obtained from Eq. (6). Then the values of Xzfc{T) 
for different temperatures, plotted vs. C{T), span the 
master curve x(C'). The experimental master curve is 
shown in Fig. 6. The data points were taken in the in- 
terval from T = 2.4 K to T = 15.0 K at the same low 
field H = 16 Oe. Each measurement was independent of 
the others, and included a quench from above the glass 
temperature. 

Fig. 6 demonstrates that the experimental dependence 
of X on C is close to linear over a wide range of correla- 
tions. This justifies the assumption underlying Eq. (9): 
the master curve x{C) at relatively low C can be approx- 
imated by a straight line. 

The experimental data for the AT critical line in 
Fig. 4 suggest that, to the leading order of magnitude, 
<lmin{H) oc H^/^. Therefore, qmin{H) is indeed a homo- 



B. Field scaling for diflferent samples 

The results of the previous subsection suggest that the 
master curve x{C) in Fig. 1 is universal, that is T and 
H independent, thus supporting the Parisi- Toulouse ap- 
proximation. It would be interesting to see, therefore, 
if this curve depends on the choice of sample. Differ- 
ent spin-glass samples have different microscopic prop- 
erties, and, consequently, different effective magnetic 
field scales. If the Parisi- Toulouse approximation holds, 
the magnetic field H appears in the analysis through 
qmin{H) only. Therefore, if the master curve xiC) is 
sample independent, and qmin{H) has always the same 
functional form, we can expect the scaling of magnetiza- 
tion curves to hold for different samples. 

In order to study this issue, we measured the field- 
cooled (MFC) and the thcrmorcmancnt (TRM) magne- 
tizations as functions oi H = AH for five different spin- 
glass samples. In addition to the single crystal Cu:Mn 
1.5 at %, described previously, we used a single crystal 
Cu:Mn 0.6 at %, with the glass temperature of about 
6.0 K. Both samples have been prepared in Kammer- 
lingh Onnes Laboratory (Leiden). Similar single crystals, 
have been used for newtron-scattering experiments.tS 
The other three of our samples are polycrystalline. The 
polycrystai-CuiMn 6.0 at % has been extensively stud- 
ied before.E3 Its glass temperature is near 31.0 K. The 
thiospinel CdCri ^IriQ ^Si is an insulating short-range 
spin glass with Tg = 16.7 K. It has also been studied in 
detailEil The second thiospinel sample, used in our anal- 
ysis, has been obtained from the part of the first sample 
by sifting it through a 100 Jim mesh. This was done to 
probe the finite-size effects. E3 The sifted thiospinel has a 
shghtly lower glass temperature Tg w 16.5 K. 

Fig. 7 displays the thermoremanent magnetizations 
versus the field H for these five samples. All data points 
are taken at the same short observation time of 90 s after 
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FIG. 7: Thermoremanent magnetization for five spin-glass 
samples measured at tw = 30 min. The positions of the 
maxima, Hm{T), are proportional to the AT fields. 



FIG. 9: Scaling of the thermoremanent magnetization curves 
from Fig. 7, plotted vs. H/Hm- 
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FIG. 8: Scaling of the field-cooled magnetization curves for 
the five samples. The values of Hm{T) are used as scaling 
parameters. 

the field is cut to zero. The waiting time between the end 

of the cooling process and the field change is 30 min. The 
reduced measurement temperatures, Tr = T /Tg, for dif- 
ferent samples are not exactly the same, but it is not very 
important considering the results of Sec. III. A. It is evi- 
dent from Fig. 7 that different samples have very different 
characteristic field scales. The effect of the same mag- 
netic field is strongest in the case of the thiospinel, and 
it is much less pronounced for the single crystal Cu:Mn 
1.5 at %. The characteristic field scales for these two 
samples differ by one order of magnitude. 

One can see from Fig. 7 that each TRM{H) curve has 
a maximum. According to Fig. 4, the position of this 
maximum, Hm (T) , is proportional to the corresponding 



AT field, Hat{T). In this subsection, we will characterize 
each sample by its value of Hm, and consider H/Hm 
scaling instead of the H /Hat scaling. 

Fig. 8 exhibits experimental MFC{H) curves, plot- 
ted versus h = H/Hm and normalized by their values 
&t h = 1. All five curves seem to scale well together. 
This suggests that, apart from the differences in the field 
scales, the physical mechanism behind the observed field 
dependence is the same for all these very different sam- 
ples. Fig. 8 suggests that the functional form of qmin{H) 
is essentially independent of sample. 

The experimental TRM{H) curves from Fig. 7, plot- 
ted versus the reduced field h = H/Hm, are presented 
in Fig. 9. The overall scaling is surprisingly good, tak- 
ing into account the diversity in properties of the five 
samples. We conclude that the observed nonlinearity in 
spin-glass response has the same physical origin for all 
samples. 

The major deviations from perfect scaling seem to re- 
sult from finite-size effects. They are not clearly visible 
in Fig. 9, but can be seen in Fig. 10. This figure exhibits 
the normalized TRM curves, divided by h = H/Hm, 
for the two thiospinel samples. The full thiospinel sam- 
ple with Tg Ri 16.7 K has a broad distribution of particle 
sizes. The sifted thiospinel sample with Tg « 16.5 K con- 
sists of particles smaller than 100 nm in diameter. The 
measurement temperatures were 14.4 K and 14.2 K, re- 
spectively, so that the reduced temperature Tr = T/Tg 
has the same value of 0.86 for both samples. 

Two conclusions can be derived from the data in 
Fig. 10. First, the characteristic field for the sifted sam- 
ple is about 10% higher than for the full sample. This 
is consistent with the mean-field-theory predictions. The 
differences in free energies per site for different equilib- 
rium states are of the order of 1/N, where N is the total 
number of spins. For smaller TV, a stronger perturbation 
is needed to redistribute these energy differences and thus 
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FIG. 10: Comparison of results for the two thiospinel sam- 
ples. The differences in the values of Hm and in the low-field 
behavior can be attributed to the finite-size effects on the 
spin-glass properties of the sifted sample. 

reshuffle the weights of different pure statesEl Therefore, 
nonlinearity in response appears at higher field changes 
for smaller particles. The second conclusion is that the 
differences in behavior between the full sample and the 
sifted sample are more pronounced in the low-field re- 
gion. This is also in agreement with results of the mean- 
field theory. The magnetic correlation lenffth, ^h, drops 
sharply as the change in field increases.E2l If the field 
change makes two spins uncorrelated, existence of a grain 
wall between them becomes irrelevant. Thus, finite-size 
effects on spin-glass dynamics are more pronounced at 
lower field changes. Of course, there may be other rea- 
sons for the differences between the two thiospinel sam- 
ples. 

Apart from the finite-size effects, the overall scaling 
in Fig. 9 is impressive, and demonstrates the validity of 



the theoretical analysis in Section II. Our results sug- 
gest that both the master curve x{C) and the function 
Qmin{H/ Hat) are essentially independent of the nature 
of a particular spin-glass sample. This is a strong evi- 
dence in support of mean-field theory. 



IV. CONCLUSION 

The mean-field theory of aging phenomena establishes 
a relation between the susceptibility x and the corre- 
lation C in both the equilibrium and aging regimes of 
spin-glass relaxation. It suggests that x(C') is a universal 
function in the aging regime, and that the remanent 
susceptibility xfc ~ Xzfc is related to the difference 
<lEA — Qmin in the values of the correlation. We have 
shown in this paper that two additional assumptions, 
the linearity of xi^) in the aging regime and the 
homogeneity of qmin{H) in a wide range of fields, lead to 
a prediction of H / Hat{T) scaling of the remanent sus- 
ceptibility curves. Our experiments on the single crystal 
Cu:Mn 1.5 at % demonstrate the existence of such 
scaling in the temperature interval T/Tg = 0.7. ..0.85. 
Moreover, the thermoremanent magnetization curves for 
different spin-glass samples also scale quite well together 
if plotted vs. H/Hat- These results indicate that there 
is universality for the magnetic properties of different 
spin glass systems at different temperatures. They also 
suggest that the magnetic field effects on spin-glass 
dynamics in the linear response regime are correctly 
described by the mean-field theory of aging phenomena. 
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